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Micropuncture study in rats with experhnental glomerulone-
pbritis. Experiments were carried out to study the function of
individual nephrons in rats with membranous glomerulonephritis
produced by the intravenous administration of rabbit anti-rat-
kidney serum. The nephritic animals developed massive proteinu-
na, hypoalbuminemia, hypercholesterolemia, edema and ascites.
Considerable heterogeneity of nephron function was observed in
nephritic rats. Some proximal nephrons showed normal glome-
rulotubular balance while others had low glomerular filtration
rates (GFR) associated with high tubular fluid/plasma inulin
ratios. Mean single nephron GFR and total GFR were decreased
in nephritic rats while proximal half-time of reabsorption and
transit time were increased. Free flow pressure in proximal tubules
was within normal limits while glomerular filtration pressure was
significantly reduced. In average terms, the fractional reabsorp-
tion of sodium along the diseased nephron was not different from
controls; however, due to the reduced filtered load, less sodium
was excreted per kg rat. The nephritic rat was also not able to
concentrate the urine to the extent of the normal.
Etude par microponction de rats atteints de glomérulonéphrite
expénmentale. Des experiences ont été réalisées pour étudier les
fonctions des néphrons individuels chez des rats atteints de
glomérulonéphnite membraneuse produite par l'injection intra-
veineuse de serum de lapin anti-rein. Les animaux néphretiques
ont eu une protCinurie massive, une hypoalbuminémie, une
hypercholestérolémie, de l'oedCme et de l'ascite. Une hétéro-
généitC considerable des fonctions des néphrons de ces rats a été
observée. Quelques néphrons avaient une balance glomérulo-
tubulaire normale alors que d'autres avaient un debit de filtration
glomérulaire (GFR) bas associé a un rapport inuline tubule!
plasma élevé. Le debit de filtration glomérulaire individuel moyen
et le GFR total étaient diminués chez ces rats en même temps que
le t 1/2 de reabsorption et Ic temps de transit proximaux étaient
augmentés. La pression en flux libre dans les tubes proximaux
était dans les limites normales en même temps que Ia pression
de filtration glomérulaire était significativement réduite. En
moyenne la reabsorption fractionnelle du sodium le long du
néphron malade n'était pas différente des contrôles; cependant,
du fait de Ia reduction de Ia charge filtrée, moms de sodium était
excrété par kg de rat. Le rat néphretique était aussi incapable de
concentrer l'urine avec Ia méme amplitude que le normal.
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Experimental renal disease can be produced in rats by the
repeated intravenous injection of rabbit anti-rat-kidney
serum [1]. The disease caused by this immunological me-
chanism is characterized by a membranous glomerular
lesion in association with proteinuria, hypoalbuminemia
and edema. This pathological condition resembles human
glomerulonephritis in some respects, especially in terms of
the presence of the nephrotic syndrome, a condition charac-
terized by hypoproteinemia and edema due to the massive
urinary loss of protein [2]. Since many of the pathophysio-
logical aspects of renal diseases, such as the mechanism of
sodium retention and edema formation, are not yet fully
understood, a more detailed study of this experimental
situation in the rat would seem to be of considerable
interest. In the present investigation, clearance and micro-
puncture techniques were used to evaluate the function of
individual nephrons during this particular form of experi-
mental renal disease.
Methods
Forty-six male albino rats, 15 normal and 31 with glome-
rulonephritis, weighing 200 to 320 g, were used. They were
kept on a standard laboratory diet supplemented by 10%
casein. The disease was induced by daily intravenous sub-
lethal doses of rabbit anti-rat-kidney serum as described by
Laus-Filho and Hadler [3]. After the induction of nephro-
pathy, the rats were placed in metabolic cages for 24 hours
and food and water were withheld while urinary protein
excretion was measured. Five to 10 days after the induction
of nephropathy, experiments were performed in those rats
with abnormal proteinuria, edema and ascites. In a number
of normal and nephritic rats blood was withdrawn for
plasma cholesterol determinations and serum protein
electrophoresis. Histological studies involving staining with
hematoxylin-eosin and periodic acid-Schiff's reagent were
carried out on renal tissue from most of the nephritic rats.
All animals were allowed free access to food and water up
to the time of the experiment.
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The rats were anesthetized with intraperitoneal sodium
pentobarbital (30 to 40 mg/kg body wt). The left kidney,
exposed by a flank approach, was prepared for micro-
puncture as previously described [41. A catheter was intro-
duced into the jugular vein for i. v. infusions. In the animals
in which clearance studies were carried out (see below),
one carotid artery and the left ureter were also cannu-
lated.
Three groups of experiments were performed: 1) in the
first group (9 nephritic and 5 normal rats), simultaneous
clearance and micropuncture techniques were used to
measure GFR per nephron and GFR per kidney, tubular
fluid/plasma (TF/P) and urine/plasma (U/P) concentration
ratios for inulin, sodium and potassium, absolute and
fractional urinary excretion of sodium and potassium apd,
finally, the transit time of lissamine green along the nephron.
These animals received an i. v. prime (50 jiCi) followed by
a constant infusion (450 jiCi per 3 to 4 hours) of radioactive
inulin (methoxy 3H-inulin) dissolved in saline containing
5 % mannitol. This solution was delivered at a rate of
0.091 and 0.045 ml/min into normal and nephritic rats,
respectively. Different infusion rates were chosen since the
lesion induced in our rats was known to lead to a significant
decrease in GFR. Accordingly, the infusion rate was reduced
in nephritic rats in order to maintain extracellular fluid
volume expansion reasonably comparable to controls. Tu-
bular fluid collections were begun approximately 60 minutes
after administration of the priming dose of inulin. Free-flow
collections and localization of the puncture sites followed
previously described methods [4]. Two to three tubular fluid
collections were performed during each clearance period.
For the measurement of single nephron GFR, the volume
of the timed tubular fluid collection was determined using
a 0.5 mm diameter pyrex capillary tube calibrated with
tritiated inulin. Transit time was determined by the i. v.
injection of 0.1 ml 5% lissamine green, according to the
method of Gertz et al [5] and Steinhausen [6]. 2) in the
second group of experiments (14 nephritic and 4 normal
rats) the rate (half-time) of volume reduction of isotonic
sodium chloride solutions, injected between oil droplets
into the proximal tubule was measured by the Gertz split-
drop method [71. The saline solution was injected between
two columns of Sudan black colored castor oil and photo-
graphed every five seconds. In each proximal tubule two
to four determinations were made and the average rate of
fluid disappearance was calculated. During the split-drop
procedure the luminal diameter was estimated by measuring
the width of the oil column with an ocular filar micro-
meter. 3) in the third group of animals (8 nephritic and
6 normal rats) the intratubular free-flow (FFP) and stop-
flow pressures (SFP) were determined. The FFP was eva-
luated by the methods of Wirz [8] and Gottschalk and Mylle
[9] using glass pipets filled with lissamine green. The cali-
bration and correction for capillarity of the pipets were
made in saline placed at the level of the kidney surface. In
each proximal tubule five successive determinations were
carried out and the mean value taken1. Thereafter, a
second pipet was used to inject colored castor oil distally to
the site where the FFP was determined in order to block the
tubule, while the first pipet remained in situ to measure the
SFP. Three successive pressure determinations were made,
the mean value being taken. The glomerular filtration
pressure (GFP) was calculated by the difference between
the SFP and the FFP according to Gertz et a! [10].
Radioactive inulin in tubular fluid, plasma and urine was
measured in a Beckman (Model LS-100) liquid scintillation
spectrometer. The concentration of sodium and potassium
in tubular fluid was determined by ultramicro flame photo-
metry [4]. In plasma and urine, the concentration of these
ions was determined by an Evans flame photometer. Cho-
lesterol was determined by the method of Zak [11]; protein,
by the method of Gornall, Bardawill and David [12], and
plasma albumin by paper electrophoresis [13]. For the
analysis of the results the Student "t" test was used and the
level of significance fixed at 5 %. Correlation and regression
calculations were done according to Snedecor and Cochran
[14]. All the results are presented as the mean standard
error (SE).
Results
Rats treated with rabbit anti-rat-kidney serum developed
conspicuous proteinuria with hypoalbuminemia and hyper-
cholesterolemia (Table 1), as well as edema and ascites. At
the time of the experiment, an enlarged and pale kidney was
Table 1. Biochemical data in control and nephritic rats
Observation Control Nephritic P
Proteinuria (mg/hour)
mean 0.284 9.04 <0.05
N 9 33
range 0.027—0.490 0.38—44.4
Albumin (g/100 ml plasma)
mean 2.91 0.56 <0.05
N 7 27
range 2.50—3.21 0.17—1.62
SE 0.08 0.06
Cholesterol
(mg/100 ml plasma)
mean 54 199 <0.05
N 7 24
range 46.5—70.0 110—278
a N=number of rats.
1 These punctures were made randomly on cortical segments of
proximal tubules. According to Gottschalk and Mylle [9], this
does not affect pressure measurements significantly. The
greater distance from the glomerulus, however, might have
reduced somewhat the absolute values of stop-flow pressure.
On the other hand, the comparison between controls and
nephritic rats is valid, for the method used was the same in
both groups.
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observed and, under microscopic examination, white and
translucent masses, presumably protein and fatty material
were noted inside the tubular lumen. Occasionally, white
granulous masses probably representing precipitated pro-
tein were seen moving downstream along the nephron.
Pale areas surrounded by areas with more normal coloration
were seen on the cortical surface of the kidney; it was
possible to collect tubular fluid in both of these areas.
Histologically, sections stained with hematoxylin-eosin and
periodic acid Schiff's reagent showed glomeruli with variable
thickening of the basement membrane. In some glomeruli
the lesions were minimal, in others prominent. Occasionally,
slight cellular proliferation was noted in the glomeruli. The
tubules presented cloudy swelling and, more rarely, hyaline
degeneration. Abundant casts were observed in the tubular
lumens and edema was present in the interstitium.
Table 2 gives a summary of the clearance data obtained
in control and nephritic rats of the first group. The mean
values of GFR, urinary flow rate, urine/plasma concen-
tration ratios of inulin, sodium, and potassium, as well as
the urinary excretion rate of sodium and potassium in the
control group were significantly different from those ob-
Table 2. Clearance data in control and nephritic ratsa
Observation Control Nephritic P
GFR (mi/mini kg)
mean±SE
range
4.08±0.36
3.33—5.42
1.51 0.24
0.63—2.44
<0.05
V (mi/mm/kg)
mean SE
range
0.056 0.006
0.037—0.076
0.042 0.003
0.030—0.056
<0.05
U/Pin
mean±sE
range
80.4±18.9
52.1—153.4
36.5±4.74
20.8—63.8
<0.05
U/PNa
mean±sE
range
0.39±0.08
0.12—0.57
0.27±0.05
0.12—0.61
<0.05
U/Plc
meafl±SE
range
14.7±2.4
10.3—23.3
6.56±0.78
4.96—11.75
<0.05
UNaV (pEq/mmn/kg)
mean±SE
range
3.94±0.94
0.59—6.31
1.56±0.35
0.75—4.21
<0.05
UKV (iEq/min/kg)
mean±SE
range
3.36±0.34
2.59—4.57
1.14±0.10
0.89—1.64
<0.05
FENa (/)
mean±SE
range
0.71± 0.20
0.08—1.26
0.80± 0.20
0.31—2.02
NS
FEK (/)
mean±SE
range
20.0± 3.0
11.0—29.1
20.4± 6.7
9.4—42.0
NS
a The results are related to one kidney only. GFR= glomerular
filtration rate; V=urinary flow; U/P=urine to plasma con-
centration ratio; UV =urinary excretion; FE = fractional
excretion; In inulin; SE =standard error; P =probability;
NS= not significant (P>0.05).
Table 3. Glomerular filtration rate per kidney and single nephron
GFR in control and nephritic ratsa
Group Rat GFR/Kidney
mi/mm/kg
GFR/Nephron
ni/mm
Control C1
C2
C3
C4
C5
mean
3.64
3.90
5.57
3.96
3.33
4.08
47.0
46.0
44.6
39.8
42.6
44.0
Nephritic N1
N2
N3
N4
N5
N6
N7
N8
N9
mean
P
2.44
1.18
0.63
1.35
2.79
1.25
1.13
1.91
0.93
1.51
<0.05
19.2
5.2
4.9
14.9
29.1
27.5
21.2
38.4
27.5
20.9
<0.05
a The values of GFR per nephron represent the mean values
of individual determinations on one rat.
tamed in nephritic rats (P <0.05). However, the fractional
excretion of sodium and potassium was similar in both
groups (P>0.05).
Single nephron GFR was measured in 28 nephrons of
five normal animals and 55 nephrons of nine nephritic rats.
Simultaneously, the kidney GFR was measured during 13
and 15 clearance periods in normal and nephritic rats,
respectively. Table 3 gives the mean values of GFR per
kidney and per nephron of each rat. Both GFR values, i. e.,
per kidney and per nephron, were lower in the nephritic
rats (P <0.05). Also, the variation of the GFR/nephron
values was statistically higher in the nephritic group than in
the controls (P <0.05). Fig. 1 summarizes the data dealing
with the correlation between GFR/nephron and GFR/
kidney; each GFR/kidney value, corresponding to a
clearance period, was compared to the GFR/nephron values
obtained during the same time period. It is apparent that,
in general, low kidney GFR values are associated with a
very wide range of single nephron GFR values. The latter
overlap to a considerable degree in control and nephritic
rats.
The possibility was considered that the low GFR/nephron
values in nephritic rats could be caused by loss of inulin out
of the diseased tubules. This was investigated by comparing
mean GFR values measured in proximal (puncture sites
from 5 to 65% length) and distal (puncture sites from 10 to
95% length) tubules. In the presence of an inulin leak across
the nephron, distal values should be significantly lower than
proximal ones. However, as shown in Table 4, there was no
significant difference between proximal and distal single
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1 2 3 4 5 6
GFR/Kidney, mi/mm/kg
Fig. 1. Correlation between simultaneous determinations of single
nephron GFR and GFR/kidne.y during the same collection period.
Table 4. Comparison between single nephron GFR measured in
proximal and distal tubulesa
Nephron
segment
Single Nephron GFR
(nI/mm)
•Control Nephritic
Proximal tubule
mean 45.4 20.9
Nb 17 39
Distal tubule
mean 40.8 24.0
N 11 16
P NS NS
a Five control and nine nephritic rats.
b Number of tubules punctured.
Fig. 2. Inulin TF/P concentration ratios in control and nephritic
rats. TF = tubular fluid; P = plasma.
8 o Control
• Nephritic
7
10 20 30 40 50 60 70 80
Single nephron GFR, ni/mm
Fig. 3. Correlation between TF/P concentration ratios of inulin
and single nephron GFR beyond 40% of the proximal tubule
length.
mean value obtained in controls (2.53)2. With respect to the
distal tubule the dispersion of the TF/P1 values is again
higher in the nephritic than in the control group. However,
in nephritic rats, the correlation of TF/P10 values with the
distal puncture site increases (r = 0.458) in comparison with
the proximal tubular observations. In control rats the distal
tubular value of correlation (r=0.69l) is similar to the
proximal value. In Fig. 3, the relationship between single
nephron GFR and the corresponding inulin TF/P values in
2 In nephritic rats several extremely high late proximal TF/P
ratios were found (see Fig. 2). Such ratios may correspond to
nephrons without glomerulotubular balance, but errors due to
the difficult working conditions in nephritic rats cannot be
completely excluded.
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nephron GFR in control and experimental groups. Thus,
no evidence of an abnormal inulin loss from nephritic
tubules was obtained.
Water reabsorption was evaluated by the TF/P and U/P
ratios of inulin (Fig. 2). Along the proximal convolution the
variability of inulin concentration ratios is clearly more
pronounced in the nephritic than in the normal group. No
significant correlation of inulin TF/P with the puncture
sites was observed in the nephritic rats (r=0.004) whereas
in control rats this correlation was significant (r=0.747).
In spite of the larger dispersion of the values and the lack
of correlation with the puncture sites, the micropuncture
data summarized in Table 5 indicate that the mean value of
inulin TF/P ratios beyond 40% of the proximal tubule of
the nephritic group (3.23) does not differ (P>O.05) from the
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Table 5. Micropuncture data in control and nephritic rats
Tubule Rat TF/PJ TF/PNa TF/P(Na/In) TF/PK TF/P(K/In)
Proximal (>40%)
Ca mean 2.53 1.01±0.03 0.41± 0.02 0.77±0.04 0.31±0.02
NC 13 13 13 13 13
range 1.78—3.22 0.83—1.18 0.30—0.40 0.61—1.10 0.22—0.45
Eb mean 3.23±0.36 0.96±0.03 0.35±0.04 0.93±0.06 0.34±0.03
N 20 20 20 20 20
range 1.45—7.44 0.77—1.23 0.10—0.62 0.91—1.50 0.10—0.57
P NS NS NS <0.05 NS
Distal (<50%)
C mean SE 6.26 0.74 0.28 0.078 0.046 0.007 0.24 0.046 0.045 0.037
N 6 6 6 6 6
range 4.83—9.17 0.21—0.41 0.025—0.075 0.17—0.41 0.020—0.079
E mean±SE 6.44±1.12 0.29±0.13 0.044±0.014 0.48±0.20 0.117±0.03
N 8 8 8 8 8
range 2.04—11.9 0.15— 0.49 0.021 — 0.150 0.20—1.42 0.023 — 0.279
P NS NS NS NS NS
Distal (>50%)
C mean 8.76± 1.58 0.23±0.065 0.027±0.004 0.53±0.22 0.058±0.014
N 6 6 6 6 6
range 4.97— 13.4 0.12—0.55 0.015—0.041 0.12— 1.33 0.024—0.099
E mean 9.40±2.61 0.46±0.12 0.050±0.036 2.32±0.51 0.347±0.136
N 6 6 6 6 6
range 3.44—21.2 0.13—0.78 0.008—0.227 1.06—3.40 0.141—0.872p NS NS NS <0.05 <0.05
a Control rats. b Experimental or nephritic rats. ° Number of tubules.
the middle third (40 to 65%) of the proximal tubule is
shown. In control rats no correlation was observed between
these values. This demonstrates maintenance of glomerulo-
tubular balance in this tubular segment, indicating that
fractional fluid reabsorption is independent of filtration
rate In nephritic rats, however, lower GFR values were
sometimes associated with higher TF/P inulin ratios.
Table 5 also summarizes mean values of the TF/P1 data
corresponding to the puncture carried out in the first and
second halves of the distal tubule. The mean values for
fractional reabsorption along the distal tubule were similar
in nephritic and control groups. Table 2 shows, on the
other hand, that the mean U/P ratio for inulin in the ne-
phritic group (36.5) is lower (P<0.05) than the value
obtained for the controls (80.4). This indicates diminished
fractional water reabsorption along the collecting ducts of
the nephritic animals.
The TF/P and U/P concentration ratios of sodium
(TF/PNa and U/PNa), as well as the fractional sodium
reabsorption estimated by the TF/P (Na/In) and U/P
(Na/In) quotients, are summarized in Fig. 4. Table 5 gives
mean TF/PNa and TF/P (Na/In) values, corresponding to
the punctures performed beyond 40% of the proximal tubule
and along the distal tubule. Generally, the same dispersion
of results found for TF/P1 in the nephritic group is found
for TF/P (Na/In) quotients, due mainly to the variability
of TF/P1 and, to a lesser degree, to the variability of TF/PNa
(Fig. 4). The correlation coefficient between TF/P (Na/In)
Proximal % Distal % U Proximal % Distal % U
204060 20406080 204060 20406080
.+
— $
Control
V
1.0
+ 0.5
COz
1J.
E- o.i
0.05
1.0
0.5
0.2
0.1
a
0.05
+
0.02
-0.01
0.005
0.002
0.001
0.0005
Nephritic
L
1.0
0.5
0.2
0.1
0.05
1.0
0.5
0.2
0.1
0.05
0.02
0.01
0.005
0.002
0.001
0.0005
Fig. 4. Summary of sodium and sodium/inulin concentration ratios
in control and nephritic rats.
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Fig 5. Summary of potassium and potassium/mu/in concentration
ratios in control and nephritic rats.
values and the proximal puncture sites in the control and
nephritic groups were —0.707 and —0.065, respectively.
The TF/PNa data corrected for water reabsorption are not
significantly different in the present experimental groups
(P>.0.05) in either the final portion of the proximal tubule
or in the distal tubule. Also, fractional sodium excretion
in the final urine was the same for both groups.
Fig. 5 shows the potassium concentration ratios TF/PK
and U/PK and potassium reabsorption corrected for water
reabsorption, i. e., the quotients TF/P (K/In) and U/P
(K/In). Table 5 gives the mean values of TF/PK and TF/P
(K/In) corresponding to the punctures performed beyond
40% of the proximal tubule and along the distal tubule. In
the nephritic rats the TF/PK values along the proximal tubu-
les are distributed around 1.0, while the majority of the
values found in the control group lies below 1.0. This
difference in behavior is more accentuated when the values
beyond 40% of the proximal tubule are considered, the
mean values being 0.77 and 0.93 for the control and nephri-
tic rats, respectively (P <0.05; Table 5). it is also evident
from Table 5 that potassium reabsorption, when corrected
for water reabsorption, is the same for both groups in the
final part of the proximal tubule. The correlation coefficients
for the relationship between TF/P (K/in) values and
proximal puncture sites in the control and nephritic groups
were, respectively, —0.603 and —0.111. In the distal
Observation Control Nephritic F
Transit time (seconds)
mean 11.6 30.9 <0.05N 20 14
range 9.5—16.0 15.0—60.0
t112 of reabsorption (seconds)
mean 9.3 17.0 <0.05
N 20 47
range 4.0—17.1 6.1—46.2
1.39
Tubular diameter (microns)
mean 34.2 33.6 NS
N 35 33
range 21.8—43.8 26.6—41.4
Free-flow pressure (cm H20)
mean 18.3 18.6 NS
N 63 92
range 12.8—38.2 7.9—42.0
Glomerular filtration pressure (cm H20)
mean 17.9 14.2 <0.05
N 37 46
range 10.1—28.4 3.2—34.0
a Number of determinations (transit time) and number of
tubules (other parameters).
tubule the potassium gradients and the rate of potassium
secretion in the nephritic rats are higher (P <0.05). How-
ever, there is no difference in fractional urinary potassium
excretion (Table 2) between the two groups.
Table 6 gives the mean results of transit time, t112 of
reabsorption, tubular diameter, intratubular FFP and GFP
obtained in the proximal tubule of normal and nephritic
rats. The transit time was measured with lissamine green
dye, taking as terminal time the moment in which final
segments of convoluted proximal tubules converge in
groups (stars) throughout the kidney surface. In normal
rats, the initial and terminal moments of the transit time
were easily determined; in nephritics, due to heterogeneity
of nephron function, the terminal time could not be meas-
ured precisely, the dye reaching the final portion of the
nephrons at different times. The range of values found in
nephritic rats was very wide, but the measured values were
considerably greater than those of controls.
The reabsorptive capacity of isolated segments of the
proximal tubule was determined in 20 tubules of four control
rats and in 47 tubules of 14 nephritic animals. The mean
half-time (t112) of reabsorption in normal and nephritic
rats was 9.3 and 17.0 seconds (P<0.05), respectively.
Inspection of Fig. 6 shows the wider range of variation of
t112 values in the nephritic rats. The tubular diameter was
also measured in oil-filled tubules in 35 proximal tubules
Table 6. Functional parameters in proximal tubules of control
and nephritic rats
Proximal_% Distal U Proximal % Distal % U
204060 20406080 • 204060 20406080'
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t of Reabsorption, seconds
Fig. 6. Percentage frequency distribution of reabsorptive t112 in
proximal tubules of control and nephritic rats. Inside the figures
are the numbers of tubules studied.
of seven control rats and in 33 tubules of 14 nephritic rats.
The mean values obtained, 34.2 js for the normal group and
33.6 t for the nephritic group, were not significantly differ-
ent (P>0.05). Water and sodium fluxes across the proximal
tubular wall were calculated from the mean ti!2 of reab-
sorption and the mean radius of the tubule, according to
Gertz [7]. The results of the flux (4)) calculations for the
control group were: 4)H20 =6.38 10 mm3/mm2 sec
and 4) Na =9.58 1O pEq/mm2 sec. The results ob-
tained for nephritics were: 4) H20 = 3.43 10 mm3/mm2
sec and 4) Na=5.15• l0 jsEq/mm2 'see. Therefore, both
fluxes were reduced by approximately one-half in the
nephritic animals.
Intratubular FFP was determined in 63 and 92 proximal
tubules of six control and eight nephritic rats, respectively.
Despite the higher variability observed in the nephritics
(Fig. 7), the average value (18.6 cmH2O) was not different
(P>O.05) from that (18.3cm H20) observed in normal
rats, as shown in Table 6. The measurement of the SFP in
the tubules in which FFP was determined, allowed the
calculation of GFP, according to the equation GFP=
SPF — FFP. GFP was calculated in 37 proximal tubules of
4 8 12 15 20 24 28 32 36 40 44
Intratubular free-flow pressure, cm H20
Fig. 7. Percentage frequency distribution of values for intratubular
free-flow pressure in proximal tubules of control and nephritic rats.
Inside the figures are the numbers of tubules punctured.
six controls and in 46 tubules of eight nephritic rats. The
mean values obtained, 17.9 and 14.2 cm H20 for the control
and nephritic groups, respectively, were significantly
different (P <0.05), as shown in Table 6. The distribution
of the GFP values in both groups is depicted in Fig. 8. No
systematic relationship between intratubular pressure and
puncture site along the proximal tubule was detected.
Discussion
Rats injected repeatedly with rabbit anti-rat-kidney serum
show several renal (membranous glomerulonephritis and
massive proteinuria) and systemic (edema, hypoalbumine-
mia and hypercholesterolemia) alterations similar to those
observed in the nephrotic syndrome in man. While certainly
not identical with the human disease, this rat model is
sufficiently similar to hope that information derived from
its study might offer a better understanding of at least some
of the renal alterations found in the nephrotic syndrome.
One of the characteristic aspects of the experimental
model is the heterogeneity of nephron function. This
variation has been observed before in the diseased kidney
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Fig. 8. Percentage frequency distribution of the glomerular fil-
tration pressure given by the difference between stop-flow pressure
and free-flow pressure in control and nephritic rats. Inside the
figures are the numbers of tubules studied.
[15] and in the present study, it holds for all functional
parameters that were measured in nephritic rats (SNGFR,
GFP, FFP, t12 of reabsorption, transit time and TF/P;
see Figs. 2, 6, 7 and 8, and Table 5). It holds not only for
values from different kidneys, but also for values from the
same kidney. This phenomenon may explain the lack of
correlation between TF/P inulin as well as ion/inulin ratios
and puncture site (see Figs. 2, 4 and 5). Of course, it is
difficult to evaluate to what extent the more difficult
working conditions in the diseased kidney might have
contributed to the observed variability in results by intro-
ducing a greater number of technical errors than in con-
trols.
As shown in Table 3, the mean whole kidney GFR of
the nephritic rats in this study was only 37% of control,
values in individual rats ranging from 15 to 66% of the
normal mean. Single nephron GFR also was greatly de-
pressed and varied considerably within individual kidneys
as well as between kidneys of different rats. Tubular epi-
thelial damage was evident on examination of the histologic
sections of nephritic animals, and it might be questioned
whether the observed GFR values were artifactually low
because of transtubular inulin leakage. This appears not to
have been the case, however, since single nephron GFR
values measured in distal tubule segments were in the same
range as those measured in proximal tubule collections (see
Table 4). Another important finding is the fact that the
nephritic nephrons in this experimental model do not show
compensatory hyperfunction in terms of glomerular fil-
tration as observed in other experimental models [16—18].
The majority Of the nephrons of the diseased rats had much
lower GFR values than controls.
Mean proximal tubule fractional water and sodium ab-
sorption of nephritic rats was not significantly different
from that of controls, but marked variation was found in
individual values. As shown in Fig. 3, nephrons with a
normal GFR generally had normal proximal tubule TF/P
inulin values, indicating normal fractional and absolute
water absorption. Those nephrons whose GFR was less
than 30 nI/mm tended to have increased fractional proximal
tubule water absorption. The mean reabsorption half-time
(t112) of the surface nephrons was almost twice as long as
that of the normal control animals, however, indicating
significant impairment of proximal tubule reabsorptive
capacity in many, but not all, nephrons. Since reabsorptive
half-times were not measured in the same proximal tubules
that were used for measurements of GFR and TF/P1, it is
uncertain whether the nephrons with the longest reab-
sorptive t112 were those with the lowest or the highest GFR.
Presumably it was the former group.
In view of the emphasis which has been placed on the
role of peritubular oncotic pressure in facilitating fractional
and absolute proximal water absorption [19—21], the find-
ings in this study are of some interest. The animals injected
with anti-rat-kidney serum developed severe hypoalbumi-
nemia. Unless the filtration fraction was markedly in-
creased, it must be assumed that the peritubular oncotic
pressure of these animals was considerably less than normal.
The reduction in absolute fluid reabsorption, observed in a
majority of nephrons (see Fig. 6), is quite consistent with
this assumption. Those nephrons with the lowest GFR,
although having grossly increased fractional water ab-
sorption, reabsorbed less water in absolute terms than did
the control nephrons. While this finding could be explained
by a low peritubular protein concentration, interpretative
difficulties are encountered in those nephrons which, in
respect to absolute rates of water and sodium reabsorption,
did not differ from controls. Since hypoalbuminemia was
common to all nephrons, the finding of normal sodium and
water absorption in these tubules suggests that sodium
absorption was affected by factors other than the peritubu-
lar oncotic pressure if the filtration fraction was not drasti-
cally elevated.
Glomerular filtration is a function of the permeability
and surface area of the filtering membrane as well as the
difference between intraglomerular and intratubular hydro-
static pressures and plasma oncotic pressure. In the present
study, intratubular pressure was normal and could not be
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responsible for the decreased GFR that was observed.
Plasma oncotic pressure was reduced, a finding which, of
itself, should result in increased, rather than decreased,
filtration. Glomerular filtration pressure, measured by the
technique of Gertz et al [10], was found to be variably but
significantly reduced in the nephritic rats, although many
nephrons had GFP values within the normal range3. The
reduction in GFP, when observed, might have been the
result of altered pre- and postglomerular arteriolar tone,
reflecting increased resistance to flow within the glomerular
capillary bed due to encroachment on the capillary lumen.
Histopathologicchanges found in the glomeruli suggest, in
addition, the possibility that a reduction of the filtering
surface of the glomeruli may have contributed to the re-
duction in glomerular filtration.
The reabsorption of sodium and water along the distal
tubule of the nephritic group did not show significant
differences with respect to controls. In terms of inulin and
sodium concentration gradients as well as fractional sodium
reabsorption, no differences were noted in the first half of
the distal tubule between nephritic and normal rats. This
indicates that the epithelium of Henle's loop is able to
generate, in the nephritic animal, normal osmotic and
sodium concentration gradients. Likewise, the fractional
reabsorption of sodium and water in the distal tubule and
the fractional excretion of sodium in the final urine were not
statistically different in control and nephritic rats. However,
due to the low GFR values, absolute excretion rates of
sodium are reduced. The nephritic rat was not able to con-
centrate the urine to the extent of the normal. In fact, from
the end of the distal tubule, where the mean values of
TF/PJ were not different in both groups of rats, to the
final urine, i. e., along the collecting duct, water reab-
sorption was reduced in the nephritic rats as indicated by
the lower mean value of the U/P ratio of inulin, which was,
approximately, one-half of the value obtained in the normal
group (see Table 2). Among the factors influencing the
urinary concentrating mechanism, the multiplication of the
single effect of the medullary countercurrent system could
be deficient in nephritic rats due to the observed hypo-
proteinemia, since the protein concentration in the vasa
recta blood as well as its accumulation in the medullary
interstitium may contribute to the maintenance of the
osmolal gradient between the corticomedullary junction
and the papilla [22—24]. Furthermore, a redistribution of
concentrating capacity between superficial and deep ne-
phrons could occur, the nephritic condition affecting the
deep nephrons to a greater extent; this could lead to the
elaboration of a more dilute final urine without affecting
The arterial blood pressure was measured in another set of
experiments performed in nephritic rats using a similar experi-
mental protocol. The behavior of the mean blood pressure, as
monitored throughout the experiment, revealed that the
nephritic rats remained hemodynamically stable. In a group
of 10 nephritic rats, the mean arterial pressure was 121 mm Hg
(range: from 100 to 140mm Hg).
distal inulin values of the cortical tubules. Clearly, more
work is necessary to clarify this point.
Some observations concerning the handling of potassium
by the nephritic kidney are noteworthy. First, the fraction of
filtered potassium reabsorbed in the proximal tubule was
not different from normal. However, the concentration
ratio (TF/PK)4 is nearly 1.0 in nephritic rats, while it is 0.77
in controls (see Table 5). This could indicate that: a) po-
tassium is more readly reabsorbed than sodium chloride
and water in the normal rat, but in equal proportion in
nephritic rats, and b) that not only sodium chloride transport
as measured by the split-drop method, but also potassium
transport is impaired in the proximal tubule. Second,
potassium secretion in distal tubules of nephritic rats is
higher than in controls. It is questionable, however, whether
this is a true difference since the control TF/PK values at the
late distal tubular site are low in comparison with other
values from the literature, including some from our la-
boratory [29], while the nephritic late distal values appear
to be within the normal range.
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